
relevant features of human H. pylori infec- 
tion and pathology. Using this model, we 
have shown that gastric disease is induced 
only by infection with type I bacteria. This 
result is in agreement with serological data 
showing that most people with duodenal 
ulcers have antibodies specific for type 1 
bacteria, and it confirms our previous find- 
ings with bacterial lysates or purified cyto- 
toxin (9). Finally, we have shown that in- 
fection by both type I and type I1 bacteria 
can be prevented by oral immunization. 
This finding suggests that vaccines against 
H. pylori are feasible and provides the ratio- 
nale to proceed with human clinical trials. 
The mouse model described here will allow 
the study of the pathogenesis of H. pylori 
infection and the development of therapeu- 
tic agents and vaccines. 
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Long-Lasting Neurotrophin-Induced 
Enhancement of Synaptic Transmission in the 

Adult Hippocampus 
Hyejin Kang and Erin M. Schuman* 

The neurotrophins are signaling factors important for the differentiation and survival of 
distinct neuronal populations during development. To test whetherthe neurotrophins also 
function in the mature nervous system, the effects of brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), and neurotrophic factor 3 (NT-3) on the strength of 
synaptic transmission in hippocampal slices were determined. Application of BDNF or 
NT-3 produced a dramatic and sustained (2 to 3 hours) enhancement of synaptic strength 
at the Schaffer collateral-CAI synapses; NGF was without significant effect. The en- 
hancement was blocked by K252a, an inhibitor of receptor tyrosine kinases. BDNF and 
NT-3 decreased paired-pulse facilitation, which is consistent with a possible presynaptic 
modification. Long-term potentiation could still be elicited in slices previously potentiated 
by exposure to the neurotrophic factors, which implies that these two forms of plasticity 
may use at least partially independent cellular mechanisms. 

T h e  neurotrophins are a group of signaling 
factors that are essential for the regulation of 
neuronal survival and differentiation during 
brain development. In the adult rat central 
nervous system, the hippocampus is a prom- 
inent site of ex~ression of BDNF and NT-3 
and their receptors (1 ). The expression of 
BDNF. NT-3. and their receptors can be 
regulated by ieuronal activity i2-4),  which 
suggests that the neurotrophins may also par- 
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ticipate in synaptic plasticity in the adult 
central nervous system. Acute exposure to 
BDNF or NT-3, but not to NGF, rapidly 
potentiates the frequency of miniature syn- 
aptic events at developing neuromuscular 
synapses in culture (5), prompting us to in- 
vestigate whether the neurotrophins may 
regulate synaptic strength in the adult brain. 

We  applied BDNF, NGF, and NT-3 ex- 
tracellularly and examined their effects on 
synaptic transmission at the Schaffer collat- 
eral-CAl neuron synapses in hippocampal 
slices from young adult rats (6). Field exci- 
tatory postsynaptic potentials (EPSPs) were 
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elicited once every 15 s for the duration of 
the experiment. BDNF and NT-3 (20 ng/ 
ml) (7) both caused a rapid and dramatic 
enhancement of the initial slope of the field 
EPSP (Fig. 1, A and B) [mean percent of 
baseline: BDNF, 279.7 ± 29.2 (n = 13), P 
< 0.001; NT-3, 235.5 ± 26.0 (n = 11), P < 
0.05], Increases for individual experiments 
were variable, ranging from 51.3 to 372.6% 
for BDNF (20 ng/ml) and from 32.0 to 
344.7% for NT-3 (20 ng/ml). In contrast, 
NGF (10 to 20 ng/ml) had no significant 
effect on synaptic transmission (Fig. 1C) 
[mean percent of baseline: NGF, 97.6 ± 5.3 
(n = 8), not significant (NS)], which is 
consistent with the apparent lack of TrkA 
receptor expression in pyramidal neurons of 
the hippocampus (8). The potentiating ef
fects of NT-3 and BDNF were concentra
tion-dependent: The lowest effective con
centration for both neurotrophins was 10 
ng/ml; maximal effects were obtained with 
20 ng/ml for both BDNF and NT-3 (Fig. 
ID). This range of concentrations is similar 
to that observed for the developmentally 
significant effects of these factors (9). A 
single application of BDNF or NT-3 (20 
ng/ml) produced the maximal increase in 
synaptic strength; subsequent applications 

produced no further increase (10). The en
hancement produced by BDNF and NT-3 
was not accompanied by any significant or 
consistent change in presynaptic fiber vol
ley, postsynaptic input resistance, or excit
ability (11), which suggests a direct alter
ation of synaptic transmission. 

To identify potential downstream effec
tors of the neurotrophins, we examined 
whether two different protein kinase inhib
itors, K252a and K252b, were capable of 
blocking the neurotrophin-induced en
hancement. Although structurally similar, 
these two compounds differ in their potency 
in inhibiting tyrosine kinases (12); K252a 
(200 nM) is a potent inhibitor of receptor 
tyrosine kinases, whereas K252b (200 nM) 
is not. Slices exposed to K252a (200 nM) 
30 min before the introduction of BDNF 
(20 ng/ml) or NT-3 (20 ng/ml) failed to 
exhibit synaptic enhancement (Fig. 2, A 
and B) [mean percent of baseline: BDNF, 
116.1 ± 7.7 (n = 6), NS; NT-3, 102.4 ± 
6.2 (n = 6), NS]. In contrast, BDNF and 
NT-3 still produced a significant increase in 
synaptic strength in the presence of K252b 
(Fig. 2, C and D) [mean percent of baseline: 
BDNF, 194.3 ± 31.5 (n = 6), P < 0.01; 
NT-3, 205.2 ± 25.4 (n = 6), P < 0.01], 

although this increase was slightly less than 
that observed in the absence of K252b for 
both BDNF and NT-3. The inhibition of 
the BDNF- and NT-3-induced enhance
ment by K252a suggests the involvement of 
the Trk family of receptor tyrosine kinases. 

The longevity of the synaptic enhance
ment produced by NT-3 and BDNF (Fig. 1, 
A and B) could reflect either an enduring 
modification of the synaptic machinery or 
the inability to wash out the factors from 
the slice after re-perfusion with normal ar
tificial cerebral spinal fluid (ACSF). To 
address this issue, we used a protocol in 
which neurotrophic factor application was 
followed by an application of K252a, which 
we showed in the previous experiment (Fig. 
2, A and B) could block the effects of both 
BDNF and NT-3, presumably at the Trk 
receptor. If the longevity of the observed 
enhancement were due to residual neuro
trophic factor in the tissue, then the subse
quent application of K252a should abbrevi
ate the potentiation. To test this, we elic
ited an enhancement of synaptic transmis
sion by applying BDNF or NT-3 (20 ng/ml) 
as before. During the washout of the neu
rotrophic factor, K252a (200 nM) was in
troduced into the bath. The application of 

Fig. 1. BDNF and NT-3 
enhance excitatory synap
tic transmission. (A) En
semble average for all ex
periments in which BDNF 
(20 ng/ml) was applied ex-
tracellularly. Mean field 
EPSP slope before BDNF 
was 0.13 ± 0.01 mV/ms 
(mean ± SEM) and 0.34 ± 
0.03 mV/ms after BDNF. 
In (A) through (C), two rep
resentative field EPSPs are 
shown for the time points 
indicated. (B) Ensemble 
average for all experiments 
in which NT-3 (20 ng/ml) 
was applied extracellu-
larly. Mean field EPSP 
slope before NT-3 was 
0.11 ± 0.01 mV/ms and 
0.34 ± 0.09 mV/ms after 
NT-3. (C) Ensemble aver
age for all experiments in 
which NGF (10 to 20 ng/ 
ml) was applied extracellu-
larly. (The data for 10 and 
20 ng/ml were combined, 
because they were not 
significantly different from 
one another.) Mean field 
EPSP slope before NGF 
was 0.14 ± 0.01 mV/ms 
(mean ± SEM) and 0.13 ± 
0.01 mV/ms after NGF. (D) 
Summary graph depicting 
concentrat ion-response 
relation for each neurotro-
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Fig. 2. The effects of BDNF and NT-3 are atten- 
uated by prior treatment with K252a but not by 
subsequent treatment. (A) Ensemble average for 
all experiments in which BDNF (20 ng/ml) was 
applied extracellularly in the presence of K252a. 
Mean field EPSP slope before BDNF was 0.1 3 i 
0.03 mV/ms (mean 2 SEM) and 0.15 2 0.02 
mV/ms after BDNF. In (A) through (F), two repre- 
sentative field EPSPs are shown for the time 
points indicated. (B) Ensemble average for all ex- 
periments in which NT-3 (20 ng/ml) was applied 
extracellularly in the presence of K252a. Mean 
field EPSP slope before NT-3 was 0.15 i 0.02 
mV/ms and 0.16 2 0.02 mV/ms after NT-3. (C) 
Ensemble average for all experiments in which 
BDNF (20 ng/ml) was applied extracellularly in the 
presence of K252b. Mean field EPSP slope before 
BDNF was 0.10 i 0.02 mV/ms and 0.1 8 5 0.02 
mV/ms after BDNF. (D) Ensemble average for all 
experiments in which NT-3 (20 ng/ml) was applied 
extracellularly in the presence of K252b. Mean 
field EPSP slope before NT-3 was 0.14 ? 0.03 
mV/ms and 0.26 2 0.05 mV/ms after NT-3. (E) 
Ensemble average for all experiments in which 
BDNF (20 ng/ml) was applied extracellularly and 
then followed by application of K252a. Mean field 
EPSP slope after 20 to 30 min in the presence of 
BDNF was 0.1 8 i 0.02 mV/ms and 0.24 2 0.03 
mV/ms after 50 to 60 min in the presence of 
K252a. (F) Ensemble average for all experiments 
in which NT-3 (20 ng/ml) was applied extracellu- 
larly and then chased by application of K252a. 
Mean field EPSP slope after 20 to 30 min in the 
presence of NT-3 was 0.19 i 0.01 mV/ms and 
0.29 i 0.03 mV/ms after 50 to 60 min in the 
presence of K252a. 

K252a decreased neither the magnitude nor 
the duration of the potentiation established 
by either BDNF or NT-3 (Fig. 2, E and F) 
[mean percent of baseline: BDNF and 
K252a ,,,, 155.6 + 9.1, K252apOst, 215.3 + 
24.4 (n = 6); NT-3 and K252a ,,, 173.3 + 
20.4, K25aPst, 249.9 + 25.41 ?n fact, the 
enhancement increased further after wash- 
out of the factor, as in Fig. 1, which suggests 
that the long-lasting nature of this en- 
hancement is due to a persistent change 
initiated by the neurotro~hin, rather than 
to residual factor present in the slice. 

During development, neurotrophic fac- 
tors are thought to be released by postsyn- 
aptic target neurons to interact with Trk 
receptors on axons or growth cones. In the 
hippocampus, however, BDNF and NT-3 
and their receptors TrkB and TrkC are 
located on both pre- and postsynaptic neu- 
rons ( I ) ,  which suggests that these factors 
could act as autocrine or paracrine signals. 
To begin to ascertain the mechanism by 
which BDNF and NT-3 enhance synaptic 
strength, we examined whether these fac- 
tors affect paired-pulse facilitation (PPF). 
PPF is a form of short-term plasticity in 
which the size of the postsynaptic response 
to the second of two closely spaced (less 
than 500 ms) stimuli is increased, presum- 
ably because of enhanced neurotransmitter 
release from residual Ca2+ in the presynap- 
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tic nerve terminal (13). Manipulations that 
enhance neurotransmitter release usually 
decrease the magnitude of PPF (14). We  
thus compared the magnitude of PPF before 
and after treatment with BDNF and NT-3. 
Both BDNF and NT-3 significantly de- 
creased PPF (Fig. 3, A and B), which sug- 
gests a presynaptic mode of action. The 
reduction in PPF was not due to neurotro- 
phin-induced saturation of postsynaptic re- 

sponses because decreasing the stimulus 
strength to match the size of the postsyn- 
aptic response before BDNF and NT-3 
treatment did not abolish the attenuation 
of PPF by the factors (15). 

The rapid onset and longevity of the 
neurotrophin-induced enhancement are 
similar to those observed during long-term 
potentiation (LTP) induced by high-fre- 
quency stimulation. Accordingly, we tested 

' I .  -I- -- -- - -- -- - 
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Fig. 4. Neurotrophin-induced potentiation and LTP do not significantly occlude one another. In (A) though 
(D) the stimulus intensity was reduced to match the size of the field EPSP to control levels at the time 
indicated by the two slanted bars. (A) Ensemble average showing experiments in which BDNF-induced 
potentiation was followed by tetanic stimulation to induce LTP. LTP could still be elicited at synapses 
previously potentiated by BDNF. (B) Ensemble average showing experiments in which LTP was followed 
by BDNF (20 ng/ml) application. BDNF was still capable of enhancing transmission at potentiated 
synapses, although the magnitude of the enhancement was slightly less than that observed in control 
pathways. (C) Ensemble average showing experiments in which NT-3-induced potentiation was followed 
by tetanic stimulation to induce LTP. LTP could still be elicited at synapses previously potentiated by 
NT-3. (D) Ensemble average showing experiments in which LTP was followed by NT-3 (20 ng/ml) 
application. NT-3 was still capable of enhancing transmission at potentiated synapses, although the 
magnitude of the enhancement was slightly less than that observed in control pathways. (E) Summary 
plot showing the magnitude of potentiation produced at LTP-induced or neurotrophin-treated synapses 
in naive (control, C) slices or slices previously exposed to a neurotrophic factor, normal LTP induction 
(LTP), maximal LTP induction (LTP,,), or an NMDA receptor antagonist (AP5). 

whether the neurotrophin-induced potenti- testing the ability of each form of potenti- 
ation might share common cellular mecha- ation to occlude subsequent induction of 
nisms with synaptically induced LTP by the other form. We  first applied either te- 

tanic stimulation or a neurotrophic factor 
and allowed the potentiation to develop 
and stabilize for 1 hour. A t  this time, the 
stimulus intensity was adjusted to match 
the size of the field potential to the prepo- 
tentiation level. Potentiation was then in- 
duced by the second mechanism. We  found 
that prior enhancement of synaptic trans- 
mission by BDNF or NT-3 did not occlude 
synaptically induced LTP (Fig. 4, A,  C, and 
E) [mean percent of baseline: LTPcOntro1 = 

165.3 + 7.8 (n = 8); LTP,o,t.,D,, = 152.4 
+ 8.6 (n = 8),  NS; LTPcontr0, = 175.8 + 
15.3 (n = 8); LTP,o,t_NT3 = 164.5 + 9.1 
(n = 8),  NS]. Prior induction of LTP slight- 
ly, although not significantly, attenuated 
the subsequent potentiation by BDNF or 
NT-3 (Fig. 4, B, D, and E) [mean percent of 
baseline: BDNFcOntro1 = 248.9 + 33.5 (n = 

8);  BDNF,ostLTp = 184.8 2 5.5 (n = 8) 
NS; NT-3,0nt,0, = 230.1 + 35.9 (n = 8); 
NT-3p,st.LTp = 175.2 5 14.8 (n = 8),  NS]. 
Delivery of repeated trains of tetanic stim- 
ulation to maximally induce LTP (16) 
further reduced the amount of potentia- 
tion elicited by BDNF or NT-3, although 
each factor still significantly enhanced 
synaptic transmission [mean percent of 
baseline: BDNFpos t .~~p = 139.7 + 16.3 (n 
= 5),  P < 0.05; NT-3pos t .~~p  = 133.8 + 
12.2 (n = 5),  P < 0.051. As shown in Fig. 
4, on average the LTP developed with a 
fairly slow time course (-10 min). In a 
separate set of experiments, we confirmed 
that the LTP induced by the above stim- 
ulation parameters relies on the activation 
of N-methyl-D-aspartate (NMDA) recep- 
tors by conducting experiments in the 
presence of the NMDA receptor antago- 
nist AP5 [mean percent of baseline: AP5 
(50 pM)  = 98.1 + 3.7 (n = 4) ( l o ) ] .  In 
contrast, we found that both BDNF and 
NT-3 (20 ng/ml) could still enhance syn- 
aptic transmission in the presence of AP5 
(50 p,M) (Fig. 4E) [mean percent of base- 
line: BDNF, 239.2 + 45.6 (n = 6 ) ,  P < 
0.05; NT-3, 284.1 + 70.3 (n  = 6) ,  P < 
0.051. Taken together, these data suggest 
that these two forms of synaptic enhance- 
ment may involve at least partially inde- 
pendent cellular mechanisms. Although 
synaptic potentiation elicited by BDNF or 
NT-3 did not prevent subsequent LTP 
measured 1 hour after induction, it is still 
possible that the neurotrophin-induced 
enhancement may interact with later 
phases of LTP that appear to rely on  pro- 
tein synthesis (1 7, 18). 

These experiments demonstrate that 
BDNF and NT-3 produce rapid changes in 
synaptic transmission at mature synapses. 
Both BDNF and NT-3 decrease PPF but do 
not interact significantly with the early 
(less than 1 hour) phase of LTP, which is 
consistent with previous observations that 
have failed to detect any interaction of PPF 
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with LTP in CAI ( 14). Therefore, there are 
likely to be at least two independent mech- 
anisms by which synaptic strength can be 
enhanced at these synapses. The mRNA 
levels for BDNF and NT-3 are enhanced 
after tetanic stimulation ( 3 ) ,  however, 
which suggests that the synaptic enhance- 
ment documented here may contribute to 
later phases of LTP. Taken together, these 
data and a previous study (5) suggest that 
one action of neurotrophins may be to alter 
synaptic strength acutely in the period of 
time preceding the long-term structural 
changes that underlie developmental and 
adult plasticity. 
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Inhibition of Ocular Dominance Column 
Formation by lnfusion of NT-4/5 or BDNF 

Robert J. Cabelli,* Andreas Hohn, Carla J. Shatz 

During the development of the visual system of higher mammals, axons from the lateral 
geniculate nucleus (LGN) become segregated into eye-specific patches (the ocular dom- 
inance columns) within their target, layer 4 of the primary visual cortex. This occurs as a 
consequence of activity-dependent synaptic competition between axons representing 
the two eyes. The possibility that this competition could be mediated through neurotro- 
phin-receptor interactions was tested. lnfusion of neurotrophin-4/5 (NT-4/5) or brain- 
derived neurotrophic factor (BDNF) into cat primary visual cortex inhibited column for- 
mation within the immediate vicinity of the infusion site but not elsewhere in the visual 
cortex. lnfusion of nerve growth factor, neurotrophin 3 (NT-3), or vehicle solution did not 
affect column formation. These observations implicate TrkB, the common receptor for 
BDNF and NT-415, in the segregation of LGN axons into ocular dominance columns in 
layer 4. Moreover, they suggest that in addition to their better known roles in the prevention 
of cell death, neurotrophins may also mediate the activity-dependent control of axonal 
branching during development of the central nervous system. 

O n e  of the principal mechanisms thought 
to drive the refinement of specific sets of 
neural connections during development is 
activity-dependent competition between 
presynaptic axons for postsynaptic target 
neurons (1 ). Perhaps the best studied exam- 
ple of this competition in the central ner- 
vous system is the formation of ocular dom- 
inance columns in the visual cortex of high- 
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ly binocular mammals such as carnivores 
and primates. The anatomical basis for the 
ocular dominance columns is the segrega- 
tion of axonal inputs from the LGN into 
alternating, eye-specific patches within lay- 
er 4 (2) .  Early in development, however, 
LGN axons from the two eyes are inter- 
mixed with each other in layer 4. The 
eye-specific patches emerge gradually over a 
postnatal period of 4 to 6 weeks in the cat as 
LGN axons remodel and restrict their ter- 
minal arbors (3, 4). Experimental perturba- 
tions of neural activity have given rise to 
the idea that competitive interactions be- 
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